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CONVERSION  FACTORS,  NON-SI  TO  SI  (METRIC) 
UNITS  OF  MEASUREMENT 


Non-SI  units  of  measurement  used  In  this  report  cen 
(metric)  units  as  follows: 

Multiply  By 


feet 

kilograms  (force)  per  square 
centimeter 

pounds  (force)  per  square 
Inch 

pounds  (mass)  per  cubic  foot 


0.3048 

98,066.50 

6,894.757 

16.01846 


be  converted  to  SI 


To  Obtain 
metres 

pascals 

pascals 

kilograms  (mass) 
per  cubic  metre 


S 
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LIQUEFACTION  SUSCEPTIBILITY  OF  FINE-GRAINED 
SOILS— PREL IMINARY  STlfjY  REPORT 

PART  It  INTRODUCTION 

1.  Liquefaction,  in  th«  context  of  this  report,  is  •  form  of  ground 
failure  Induced  by  strong  earthquakes.  When  a  saturated  sand  is  subjected  to 
an  extended  period  of  severe  ground  shaking,  the  excess  pore  water  pressure 
tends  to  increase.  This  generation  of  excess  pore  water  pressure  leads  to 
reduction  in  effective  stress  and  shear  strength  and  eventually  causes  the 
ground  to  liquefy  and  fail.  Earthquake-induced  liquefaction  ground  failure 
generally  takes  one  or  more  the  following  forms:  excessive  settlement,  loss 
of  bearing  capacity,  sand  boils  or  blows,  and  flow  slides.  Liquefaction  .f 
foundation  soils  can  cause  catastrophic  damage  to  structures  like  embankment 
dams,  mill  or  mine  tailings  dams,  nuclear  power  plants,  water-front  struc¬ 
tures,  bridge  supports,  and  various  off-shore  structures. 

2.  Case  histories  of  earthquake- Induced  liquefaction  indicate  that 
soils  other  than  uniform  clean  sands  can  also  liquefy.  Several  sources  report 
serious  liquefaction  ground  failures  caused  by  the  .976  Tangshan  Earthquake  in 
the  People’s  Republic  of  China  (PRC)  (Fang,  et  al.  1981,  1982,  1983;  Fu  and 
Tatsuota,  1984;  Lee,  1984;  Lin  et  al.,  1983;  Wang  1979,  1979,  1981,  1981;  Wei, 
et  al.,  1981;  Zhou,  1980,  1981  et  al.).  Iwasaki,  et  al.  (1981)  and 
Kuribayashi  and  Tatsuoka  (1977)  examined  six  major  Japanese  earthquakes, 
namely  the  Nobi  (1891),  Tonankai  (1944),  Fukui  (1948),  Niigata  (1964), 
Tokachi-Oki  (1968)  and  Miyagi-Ken-Oki  (1978)  earthquakes  and  developed  proce¬ 
dures  for  evaluating  soil  liquefaction  potential.  Seed  and  his  coworkers  were 
able  to  piece  together  evidence  and  present  the  probable  conditions  surrouno- 
ing  the  failure  of  Sheffield  Dam  in  1925  (Seed,  1968)  and  the  near-failure  of 
the  Lower  San  Fernando  Dam  in  1971  (Seed,  et  al.,  1973).  The  seismic  failures 
of  South  American  mine  tailings  dams  in  the  Chilean  Earthquake  of  1960  were 
reported  by  Dobry  and  Alvares  (1967).  The  Alaska  and  Niigata  earthquake- 
induced  liquefaction  ground  failures  were  reported  by  many  researchers  (Seed 
and  Wilson,  1987;  Coulter  and  Migliaccio,  1966;  Kishida,  1966;  Koizumi,  1966; 
Ohsaki,  1966;  Seed  and  Idriss,  1967;  Seed.  1968;  Donovan  and  Singh,  1978).  It 
is  interesting  to  note  that  at  all  of  the  above  mentioned  sites,  but  for  rare 


exceptions  in  Japan ,  the  soils  which  liquefied  contained  varying  amounts  of 
cohealve  or  cohesionless  silt-and- finer  material.  Because  of  the  above  find¬ 
ing,  the  liquefaction  potential  of  silty  sand  and  sendy  silt  was  carefully 
assessed  In  the  following  projects:  Patoka  Bam  in  Indiana  (Marcuson  and 
Gilbert.  1972);  water-front  structures  at  Coronado,  California  (Forrest, 
Ferritto  tnd  Wu,  1981);  water-front  structures  in  Canada  (Thompson  and  Emery, 

J 976) ;  end  the  Trans-Alaska  Pipeline  (Donovan  and  Singh,  1978).  The  seismic 
stability  of  mill  tailings  dams  has  also  received  much  attention.  Typical 
mill  tailings  usually  contain  substantial  amounts  of  loosely  deposited  fines 
and  are  susceptible  to  earthquake-induced  liquefaction  (Dobry,  et  el.,  1967; 
Tshlhara,  et  al.,  1981).  Robinson  (1977)  reported  an  interesting  case  study 
of  a  tailings  dam  founded  on  sandy  silts  deposited  by  a  previous  failure  and 
flov  slide.  When  concern  was  expressed  over  the  stability  of  the  seafloor  off 
Alaska  in  the  Yukon  Prodelta  of  the  Bering  Sea,  an  investigation  of  the  lique¬ 
faction  potential  of  ocean  floor  soils  was  conducted.  All  borings  recovered 
silty  sands  (Clukey,  et  al.,  1980), 

J.  The  geotechnical  earthquake  engineering  profession  has  devoted  a 
great  deal  of  research  effort  in  the  previous  two  decades  to  bettering  our 
understanding  of  the  liquefaction  characteristics  of  natural  soil  deposits  and 
our  ability  to  predict  the  nature  and  extent  of  earthquake-induced  liquefac¬ 
tion.  Most  research  efforts  have,  however,  focused  on  uniform,  clean  sands  or 
grivels  containing  little  or  no  fines.  Case  studies  revealed  that  most  lique¬ 
fied  3olls  contained  some  fines,  whether  cohesive  or  cohesionless.  Uniform, 
clean  sands  are  rarely  encountered  in  natural  soil  deposits.  Soils  at  previ¬ 
ous  liquefaction  sites  were  found  to  have  a  wide  range  of  gradation  character¬ 
istics  and  contain  different  percentages  of  fine-grained  soils  like  silts  and 
clays. 

A.  Chinese  observations  during  the  1976  Tangshan  earthquake  indicated 
that  some  fine-grained  and  even  cohesive  soils  had  in  fact  liquefied.  Should 
this  be  true,  critical  structures,  such  as  embankment  dams  and  nuclear  power 
plants,  founded  on  fine-grained/cohesive  soils  which  were  judged  safe  based  on 
contemporary  liquefaction  susceptibility  criteria  may  become  unsafe  under  a 
strong  motion  earthquake.  It  becomes  obvious,  therefore  that  there  is  an 
urgent  need  for  investigating  the  validity  of  current  liquefaction  criteria 
and  establishing  a  new  one,  if  necessary.  The  author  visited  several  Chinese 
agencies  and  universities  in  and  near  Beijing,  PRC  in  the  summer  of  1985  in  an 


attempt  CO  investigate  and  verify  raportad  data  on  cha  liquafaction  of  coha- 
aiva  aolls  during  tha  1976  Tangahan  aarchquaka  and  to  nagotlaea  cooparatlva 
raaaarch  into  cha  problem.  This  raport  auonarltea  eh*  raaulca  of  a  prelimi- 
nary  literature  reviev  and  tha  finding*  from  tha  China  visit  by  tha  principal 
investigator,  and  outlinas  racomandationa  for  futura  raaaarch  into  tha  liqua¬ 
faction  auacaptibllity  of  flne-gral  ad  or  cohaalva  aolla.  Corraapondanca 
da tailing  tha  China  visit  ltlnarar/  and  tha  response  of  ona  gaotachnlcal 
agancy  to  tha  proposal  for  cooparatlva  raaaarch  is  included  in  Appendix  A. 
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PART  II:  FACTORS  AFFECTING  LIQUEFACTION  POTENTIAL 


5.  Factors  affactlng  liquafaction  potential  have  baan  studied  exten¬ 
sively  over  the  past  two  decades.  These  fee core  Include  density,  consolida¬ 
tion  pressure,  initial  stress  condition,  strain  history,  sample  disturbance, 
overconsolidation,  and  grain  and  gradation  characteristics.  Seed  and  Lee 
(1967)  first  reportad  the  Important  effect  of  the  relative  density  of  sand  on 
its  liquefaction  potential.  Seed  and  Idrlat  (i971)  assumed  a  linear  relation¬ 
ship  between  relative  density  and  the  stress  ratio  causing  initial  liquefac¬ 
tion  for  relative  densities  below  80  percent.  The  stress  ratio  decreases  with 
decreasing  density.  Peacock  and  Seed  (1968)  and  Mulllls,  at  al.  (1978)  also 
presented  their  study  results  on  the  density  effect. 

6.  Field  observations  during  the  1964  Niigata  earthquake  showed  that 
the  liquefied  sones  were  usually  located  at  fairly  shallow  depths  (generally 
less  than  50  to  60  feet*)  where  consolidation  pressures  were  less  than 

2  Kg/cm2  (Kishlda,  1969).  Finn,  at  al.  (1971)  compiled  the  results  of  earlier 
studies  by  Lee  and  Seed  (1966,  1967)  on  the  consolidation  pressure  effect. 

Peak  cyclic  pulsating  dsvlatorlc  straaa  causing  liquefaction  was  found  to 
Increase  with  increasing  confining  pressures,  Mulllls  (1975)  and  Castro  and 
Poulos  (1976)  Indicated  that  the  pulsating  dsvlatorlc  stress  ratio  required  to 
cause  liquefaction  decreased  with  increasing  confining  pressures  and  the  mag¬ 
nitude  of  decrease  was  dependent  on  relative  density. 

7.  Seed,  et  al.  (1975)  investigated  the  effect  of  the  coefficient  of 

lateral  earth  pressure  at  rest,  K  ,  defined  as  the  ratio  of  horizontal  stress 

to  vertical  stress  in  situ,  end  found  that  the  pulsating  deviatoric  stress 

causing  liquefaction  increased  with  increasing  Kq.  Anisotropic  consolidation 

stress  ratio,  K  ,  defined  as  the  ratio  of  minor  principal  stress  to  major 
c 

principal  stress,  was  investigated  by  Castto  and  Poulos  (1976),  who  found  that 

at  a  higher  K  ,  a  specimen  actuallv  required  a  smaller  cyclic  stress  to  cause 
c 

liquefaction.  Others  have  all  but  discounted  anisotropy  as  an  important  envi¬ 
ronmental  factor  in  view  of  the  dominance  exhibited  by  major  principal  consol¬ 
idation  stress  alone  (Vald  and  Finn,  1979). 


*  A  table  of  factors  for  converting  non-SI  units  of  measurement  to  SI  (met¬ 
ric)  units  is  presented  on  page  3. 
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8.  The  effect  of  overconeolldatlon  ratio  vaa  investigated  by  Seed  and 
Peacock  (1971)  and  Ishlhara,  at  al.  (1978).  They  concluded  that  the  llquefac- 
tlon  resistance  Increased  with  increasing  over consolidation  ratio. 

9.  The  effect  of  previous  cyclic  strain  history  was  examined  by  Finn, 
et  al.  (1970),  who  concluded  from  their  research  using  a  simple  shear  device 
that,  with  previous  strain  history  and  without  liquefaction,  a  me clean  gained 
liquefaction  resistance  at  a  subsequent  cyclic  stress  level.  Conversely,  a 
previously  liquefied  eoll  became  more  susceptible  to  liquefaction  when  again 
subjected  to  a  cyclic  test.  Seed,  et  al.  (1977)  also  drew  similar  conclusions 
frosi  their  studies. 

10.  Aging  tends  to  increase  the  liquefaction  reelstance  of  a  soil 
deposit.  This  Increase  can,  at  least  partially,  be  attributed  to  the  increase 
In  grain-to-graln  contacts  and  cementation.  This  may  explain  why  a  younger 
deposit  Is  generally  more  susceptible  to  liquefaction  than  an  older  one  (Youd 
and  Hoose,  1977). 

11.  The  effect  of  remolding  was  Investigated  by  Marcuson  and  Townsend 
(1976).  The  shell  material  from  the  Fort  Peck  Dam  was  tested  in  this  study. 

It  was  found  that,  depending  upon  sampling  methods  and  specimen  reconstruction 
procedures  used,  undisturbed  samples  were  as  much  as  80  percent  stronger  than 
reconstituted  ones.  Silver  (1978)  studied  the  Shlrano  River  sand  that 
severely  liquefied  during  1964  Niigata  earthquake  end  drew  a  similar 
conclusion. 
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PART  III:  LIQUEFACTION  OF  SOILS  CONTAINING  FINES 


Previous  U.S.  Research  on  Gradation  and  Fine 
Conter  Effects 


Gradation  Effects 

12.  In  their  study  or  the  liquefaction  susceptibility*  Lae  end  Fitton 
(1969)  tested  uniform  clean  sands  with  mean  grain  size  ranging  from  0.1  to 
13.4  mm  and  a  uniformity  coefficient  (Cu)  of  around  1.5.  Some  silty  soils 
were  also  tested.  The  gradations  of  these  soils  are  shown  in  Figure  1. 

Results  shown  in  Figure  2  indicate  that  uniform  fine  sands  are  most  vulnerable 
to  liquefaction  and  the  dynamic  strength  (or  liquefaction  resistance) 

Increases  as  the  mean  grain  size  Increases.  Silty  and  clayey  soils  also  were 
found  to  possess  higher  dynamic  strength  than  uniform  fine  sands.  It  should 
be  noted,  however,  the  membrane  penetration  effects  were  not  accounted  for  in 
this  study.  Vrymoed  (1971)  studied  the  dynamic  strength  of  standard  Ottawa 
sand  (C-190)  mixed  with  controlled  amounts  of  added  silt.  Marcuson  and 
Gilbert  (1972)  as  well  as  Toan  and  Blakely  (1980)  assessed  the  dynamic 
strength  of  soils  ranging  from  sandy  silts  to  sands  at  Patoka  Dam  and  Patea 
Dam  sites  respectively.  Wong,  et  al.  (1974)  examined  the  liquefaction  poten¬ 
tial  of  gravelly  soils.  Results  indicated  as  the  mean  grain  size  increased 
from  about  0. 1  mm  to  30  mm,  the  stress  required  to  cause  10  percent  axial 
strain  increased  about  60  percent,  and  well-graded  soils  were  somewhat  weaker 
than  uniform  soils.  In  their  attempt  to  assess  to  the  seismic  safety  of 
waterfront  structures,  Forrest,  Ferrito  and  Wu  (1981)  tested  fine  silty  sands 
with  at  least  10  percent  silt  and  with  the  uniformity  coefficient  of  about  4. 
In  the  study  of  a  proposed  nuclear  power  station  site,  Espana,  et  al.  (1981) 
tested  gravelly  silty  sands  with  average  silt  content  of  approximately  16  per¬ 
cent  and  mean  grain  size  of  0.37  mm. 

13.  A  systematic  study  on  the  effect  of  gradation  on  the  liquefaction 
potential  of  granular  soils  was  carried  out  by  Yeh  (1981).  Results  were 
included  in  a  final  report  to  the  National  Science  Foundation  on  "Effects  of 
Grain  Size  Distribution  nr  Dynamic  Properties  and  Liquefaction  Potential  of 
Granular  Soils,"  preparer  by  Chang  and  Ko  (1982).  The  mean  grain  size  and  the 
uniformity  coefficient  of  the  soil  samples  tested  ranged  from  0.149  to  1.68  mm 
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Figure  2.  Comparisons  of  pulsating  loading  strengths  of 
different  grain  size  soils  (after  Lee  and  Fitton  1969). 
Copyright  ASTM — reprinted  with  permission 


and  2  to  16,  respectively.  Gradation  curves  of  samples  tested  are  shown  in 
Figure  3,  Densities  and  gradation  characteristics  are  summarized  in  Table  1. 

14.  A  minimum  of  four  cyclic  triaxial  tests  were  conducted  from  each  of 
the  twenty-four  parent  soil  types  to  investigate  gradation  effects  on  the 
liquefaction  potential  of  clean-  to  near-clean  sand.  Extreme  care  was  exer¬ 
cised  during  sample  preparation  to  assure  good  quality  samples.  A  preweighed 
dry  sand  was  mixed  and  lowered  into  a  zero-height-raining  device  seated  to  the 
base  pedestal  inside  a  sample  preparation  mold.  After  the  raining  device  was 
filled  with  sand,  it  was  slowly  raised  to  allow  sand  particles  to  rain  through 
the  metal  screen  of  a  desired  opening  size  attached  to  the  bottom  end  of  the 
raining  device.  The  process  continued  until  all  sand  particles  rained  through 
the  device  and  deposited  in  the  mold.  The  initial  relative  density  of  each 
sample  was  targeted  at  50  percent. 

15.  The  specimens  were  saturated  following  specimen  placement  and 
assembly  of  the  triaxial  chamber.  De-aired  water  was  first  allowed  to  perco¬ 
late  upward  through  the  specimen,  pushing  air  bubbles  up  and  out  of  the  soil 
skeleton,  after  which  the  air  remaining  in  the  soil  pores  was  forced  to  dis¬ 
solve  into  the  pore  water  by  gradually  increasing  the  back  pressure  while 

2 

maintaining  a  5  lb/in.  effective  confining  pressure.  For  most  soil  specimens 

2 

tested,  back  pressures  near  60  lb/in.  were  sufficient  to  produce  a  desired 
degree  of  saturation,  as  measured  by  Skempton's  "B"  parameter.  A  minimum 
acceptable  value  of  B  -  0.95  was  achieved  before  beginning  consolidation. 

2 

Specimens  were  consolidated  to  an  effective  confining  pressure  of  30  lb/in. 
in  two  equal  stages.  Throughout  consolidation  and  saturation  stages,  specimen 
height  and  volume  changes  were  monitored  by  means  of  a  dial  indicator  and  a 
volume  burette,  respectively.  After  the  completion  of  consolidation,  the  MTS 
electrohydraulic  closed-loop  loading  machine  was  used  to  conduct  cyclic  tri¬ 
axial  tests.  A  minimum  of  four  tests  were  conducted  at  each  gradation.  A 
total  of  123  tests  were  performed  to  determine  the  effect  of  gradation  char¬ 
acteristics  on  liquefaction  potential.  Mean  diameter  (D^q)  and  uniformity 
coefficient  were  used  to  characterize  the  gradation  of  each  soil. 

16.  Figure  4  shows  the  disparity  between  liquefaction  potential  curves 
for  soils  with  different  mean  grain  sizes  and  approximately  the  same  uni¬ 
formity  coefficient.  Cyclic  stress  ratios  causing  initial  liquefaction  in 

10  cycles  of  loading  were  plotted  against  mean  grain  sizes  in  Figure  5.  The 
10-cycle  and  30-cycle  curves  were  plotted  in  Figure  6.  The  figures  show  a 
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Figure  3.  Gradations  of  Denver  sand  samples  (after  Yeh  1981) 


Table  1 

Index  Properties  of  Test  Samples  for  Gradation  Effects 


Sample 

No.* 

Max. 
Density 
(pcf ) 

Min. 

Density 

(pcf) 

e 

■ax 

Sin 

(22) 

Uniformity 

Coefficient 

DC-ag 

104.89 

87.03 

0.91 

0.58 

1.50 

1.89 

DC-b2 

104.78 

88.51 

0.87 

0.58 

0.82 

2.17 

DM-c2 

105.74 

87.03 

0.91 

0.57 

0.53 

2.16 

DM-d2 

106.08 

85.05 

0.95 

0.56 

O.38 

2.20 

DM-e2 

106.38 

82.67 

1.01 

0.56 

0.24 

2.88 

DF-f2 

102.95 

79.60 

1.09 

0.61 

0.15 

2.70 

DC-aij 

114.80 

94.46 

0.76 

0.45 

1.44 

3.73 

DC-bi, 

iiu.  io 

95.45 

0.74 

0.43 

0.68 

3.71 

DM-Cjj 

118.36 

93.96 

0.77 

0.40 

0.51 

4.31 

DM-djj 

115.75 

91.98 

0.80 

0.43 

0.37 

4.93 

DM-e^ 

116.92 

90.50 

0.77 

0.42 

0.23 

5.15 

DF-f3 

108.87 

84.06 

0.97 

0.52 

0.14 

3.40 

DC-ag 

121 .24 

98.91 

0.68 

0.37 

1.17 

5.50 

DC-bg 

121.33 

99.41 

0.67 

0.37 

0.62 

5.72 

DM- eg 

122.59 

99.40 

0.67 

0.35 

0.48 

7.20 

DM-dg 

121.78 

96.93 

0.71 

0.36 

0.40 

7.00 

DM- eg 

119.67 

94.55 

0.76 

0.39 

0.25 

7.50 

DC-b8 

123.96 

102.38 

0.62 

0.34 

0.69 

9.50 

DM- eg 

125.64 

101.39 

0.64 

0.32 

0.52 

9.00 

DM-dg 

123.35 

98.91 

0.68 

0.35 

0.37 

9.70 

DC-b^o 

126.23 

103.86 

0.60 

0.31 

0.62 

10.30 

DM-c^  2 

127.41 

103.47 

0.60 

0.30 

0.57 

11.30 

DM-di  0 

125.94 

101 .88 

0.63 

0.32 

0.37 

12.00 

DM-  C 1 5 

129.21 

105.35 

0.58 

0.28 

0.35 

16.00 

Sample  No.  provides  information  on  the  gradation  characteristics . 
For  instance,  33  denotes  sample  with  median  grain  size  of  "a" 
(1.50  ora)  and  a  designed  uniformity  coefficient  of  2. 

Specific  gravity  is  2.66. 


so 


Stress  Ratio  Causing  Initial  Liquefaction  In  10  Cycles 


Figure  5.  Effect  of  mean  grain  size  on  stress  ratio  causing 
initial  liquefaction,  or  100  percent  pore  pressure  response, 
in  10  cycles  (after  Yeh  1981) 


Initial  Liquefaction  In  10  Cycles 


definite  trend  of  liquefaction  resistance  to  increase  significantly  with 

Increasing  mean  grain  sites.  A  typical  set  of  liquefaction  potential  curves 

is  shown  in  Figure  7  for  samples  of  similar  mean  grain  diameters.  Cyclic 

stress  ratios  required  to  cause  initial  liquefaction  in  10  cycles  are  plotted 

against  uniformity  coefficient  in  Figure  8,  which  reveals  no  significant 

effect,  of  uniformity  coefficient  on  the  liquefaction  resistance  of  soils 

The  resistance  to  liquefaction  for  the  soil  with  mean  grain  diameter  greater 

than  0.37  mm  decreases  with  the  uniformity  coefficient  while  the  resistance  of 

the  soil  with  mean  grain  diameter  smaller  than  0.23  mm  increases  slightly  with 

the  uniformity  coefficient.  The  effect  was  not  observed  at  Cy  greater  than  8 

in  either  case.  The  effect  of  C  was  found  to  be  much  less  than  that  of  D__. 

u  50 

It  must  be  noted,  however,  that  the  above  data  were  not  corrected  for  the  mem¬ 
brane  penetration  effect,  which  tends  to  give  a  higher  than  true  resistance  of 
soils  to  liquefaction.  The  membrane  penetration  affect  is  more  significant 
for  coarse-grained  and  uniform  sands  than  fine-grained  and  well-graded  sands. 

17.  Chang  and  Ko  (1982)  concluded  that  the  liquefaction  potential  of 
clean  sands  is  strongly  affected  by  their  gradation  characteristics,  and  the 
mean  grain  size  imposes  a  much  stronger  effect  than  the  uniformity  coeffi¬ 
cient.  The  resistance  to  liquefaction  decreases  with  decreasing  mean  grain 
size.  Uniform  fine  sands  were  found  to  be  most  vulnerable  to  liquefaction. 
Clean,  medium  to  coarse  soils  are  subject  to  potentially  serious  membrane 
penetration  effects  and  the  liquefaction  resistance  of  these  soils  may  be 
overestimated  if  the  membrane  penatration  effect  is  not  accounted  for.  It  is 
thus  extremely  important  to  investigate  the  effect  of  membrane  penetration  on 
the  liquefaction  resistance  of  granular  soils. 

Silt  Content  Effects 

18.  Effects  of  silt  contents  were  investigated  by  K&ufman  (1981)  and 
reported  by  Chang,  Yeh,  and  Kaufman  (1981).  In  this  study,  four  clean  granu¬ 
lar  soils  were  selected  for  gradation  effects  testing  and  mixed  with  10,  30, 
and  60  percent  of  Bonny  rilt  from  a  fossil  deposit  near  Bonny  r'%n  in  eastern 
Colorado.  Index  properties  of  vh_se  four  samples  (DC-bj,  DC-bg,  DM-d,,  and 
DM-d,)  are  shown  in  Table  1,  Their  physical  properties  are  shown  in  Table  2. 
The  Bonny  silt  is  a  iow-plasticity  soil  with  physical  properties  as  shown  in 
Table  3.  The  gradations  of  the  samples  prepared  for  these  investigation  are 
presented  in  Figure  9.  An  attempt  was  made  to  maintain  the  same  void  ratio  at 
50  percent  relative  density  as  their  parent  clean  sand  samples.  As  indicated 
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Tabic  2 

Physical  Properties  of  Sands  62,  b8>  d2»  and  dfe 


land 

Sand 

Sand 

Sand 

Property 

*2 

88 

<8 

86 

| 

O 

tn 

o 

0.85 

0.85 

0.*8 

0.*8 

Yd  aax(lb/ft3) 

10*. 8 

181.0 

106.1 

181.8 

Sin 

0.5? 

0.38 

0.55 

0.35 

?d  ein(lb/ft3) 

88.5 

102.* 

85.0 

96.9 

*IM 

0.86 

0.60 

0.93 

0.69 

yd50»db/rt3) 

96.0 

118.8 

9*.* 

107.9 

•50** 

0.71 

0.*6 

0.7* 

0.52 

Os 

2.63 

2.63 

2.63 

2.63 

*y4jq  denotes  the  dry  density  corresponding  to  the  condition 
of  501  relative  density. 

***50  denotes  the  void  ratio  corresponding  to  the  condition  of 
501  relative  density 


Table  3 

Physical  Properties  of  Test  Silt  (Bonny  Loess) 


Liquid  Limit  (LL) 

281 

Plastic  Limit  (PL) 

231 

Plasticity  Index  (PI) 

51 

Proctor  Maximum  Dry  Density 

104 

Optimum  Water  Content 

16. 

Specific  Gravity  (Gs) 

2. 

i 
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(•)  Strict  bl 


(c)  Strict  42 


(d)  Series  d6 

Figure  9.  ''radations  of  samples  tested 
(after  Kaufman  1981) 


in  Table  4  for  samples  with  30  and  60  percent  silt  and  with  a  uniform  grada¬ 
tion  (designated  by  a  subscript  of  2),  it  was  very  difficult,  in  fact  impos¬ 
sible,  to  maintain  the  required  density  during  the  saturation  and 
consolidation  process.  A  specimen  was  densified  during  the  saturation  process 
because  of  the  migration  of  silt  particles  in  the  soil  mass.  The  electro¬ 
pneumatic  cyclic  loader  designed  by  C.  K.  Chan  (CKC)  at  the  University  of 
California  at  Berkeley  was  used  in  testing  silty  sand  and  sandy  silt.  An 
excitation  load  with  a  sinusoidal  wave  form  was  used  in  all  rests.  The  exci¬ 
tation  frequency  chosen  was  0.05  Hertz. 

19.  Sixty-eight  samples  were  tested  to  assess  the  effect  of  silt  con¬ 
tent  on  the  cyclic  shear  resistance  and  liquefaction  potential  of  silty  sand 
and  sandy  silt.  The  pore  water  pressure,  axial  deformation  and  load  amplitude 
were  monitored  and  recorded  throughout  the  test.  These  strip  chart  records 
were  analyzed  in  conjunction  with  the  consolidation  data  recorded  prior  to 
cyclic  testing  to  produce  the  initial  plots  sampled  in  figures  10  and  11  for 
samples  b2~0  and  b2-30,  respectively.  It  can  be  seen  from  these  figures  that 
there  is  little  difference  in  the  number  of  cycles  required  to  cause  ±2.5,  5, 
10  percent  strains.  Thus,  a  single  curve  of  the  stress  ratio  versus  number  of 
cycles  to  caus«.  5  percent  single  amplitude  strain  was  plotted  for  each  group. 
It  was  apparent  from  the  same  figures  that  there  is  significant  difference  in 
the  trend  of  pore  pressure  development  for  clean  sands  as  compared  to  soils 
containing  fines. 

20.  Sample  plots  of  the  stress  ratio  required  to  cause  5  percent  strain 
versus  number  of  loading  cycles  are  shown  in  Figures  12  and  13,  in  which  the 
curves  for  the  clean  sands  were  corrected  for  the  effect  of  membrane  curves, 
compliance  using  the  method  described  by  Martin,  et  al.  (1978)  at  N  ■  30 
cycles.  A  51  percent  correction  was  applied  to  the  sand  b2~0  and  bg-0  curves, 
and  a  35  percent  correction  to  the  strength  of  the  sand,  d^-0  and  d^-O. 

21.  The  magnitude  of  the  above  correction  is  a  function  of  d^^.  It 
should  be  cautioned  that  this  correction  is  highly  qualitative.  Without  fur¬ 
ther  research,  it  is  not  possible  to  apply  this  correction  to  clean  sands  with 
confidence.  It  appears  from  these  plots  that  the  specimens  containing  30  per¬ 
cent  silty  fines  show  some  strength  increase  over  those  containing  10  percent 
silt.  The  corrected  strength  curves  for  the  clean  sands  lie  in  a  comparable 
range  with  the  curves  for  the  sands  containing  10  and  30  percent  silt.  The 
samples  containing  60  percent  fines  demonstrate  a  greater  strength  gain,  and, 


Table  4 

State  of  Compaction  of  Specimens  Tested  for  Silt  Content  Effects 


Sample 

Average 
Dry  Density 

Tdcab/ft3) 

Maximum 

Dry  Density 

y.  (lb/ft3) 

dmax 

Average  Percent 
Compaction 

Jde  x  100  ( i ) 

max 

Attempted 
Void  Ratio 

Void  Ratio 
After  Con¬ 
solidation 

b2-l0 

98.1 

116 

85 

0.71 

0.686 

b2-30 

112.0 

123 

91 

0.71 

0.n75 

b2-60 

110.0 

125 

88 

0.71 

0.517 

b2-l00 

96.9 

ion 

93 

0.71 

0.72 

b8-l0 

117.0 

126 

93 

0.n6 

o.ni 

b0-3O 

119.0 

126 

9* 

o.n6 

0.39 

b8-60 

111.0 

119 

93 

o.n6 

o.ns 

b8-100 

110.0 

ion 

106 

o.n6 

0.51 

<*2’10 

97.6 

111 

88 

o.7n 

0.69 

d2-30 

103.0 

122 

8n 

o.7n 

0.61 

d2-60 

107.0 

118 

91 

o.7n 

0.55 

d2-100 

95.6 

ion 

92 

o.7n 

0.75 

d6-i0 

113.0 

121 

93 

0.52 

0.46 

d6-30 

113.0 

123 

92 

0.52 

0.46 

d6-60 

109.0 

115 

95 

0.52 

0.52 

dg-ioo 

107.0 

ion 

103 

0.52 

0.55 

24 


•  o' 
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Figure  11.  Cyclic  triaxial  strength  test  results  of  sample  b2-30 

(after  Kaufman  1981) 


for  samples  b,  and  d0,  the  pure  silt  specimens  are  nearly  indistinguishable  in 
strength  from  the  60  percent  silt  specimens.  In  the  bg  and  dg  series,  how¬ 
ever,  the  increase  in  strength  for  the  100  percent  silt  specimens  is  very 
large. 

22.  Results  of  a  density  testing  program  involving  Proctor  compaction 
and  relative  density  tests  are  shown  in  Table  4.  From  this  table  it  can  be 
seen  that  specimens  in  series  bg-100  and  d^-100  were  in  a  very  dense  state, 
which  resulted  in  a  very  high  cyclic  strength.  It  is  likely  that  this  is  due 
to  the  relatively  narrow  range  of  void  ratio  that  a  silt  might  have.  Sands, 
however,  of  various  gradations  and  various  amounts  of  fines  might  have  a  much 
wider  range  of  possible  void  ratios. 

23.  Figure  14  show3  the  ratio  required  to  cause  ±5  percent  strain  as  a 
function  of  the  number  of  loading  cycles  for  all  samples  containing  10  percent 
silty  fines.  This  suggests  that  as  the  number  of  cycles  increases,  the  mean 
grain  diameter  and  the  uniformity  coefficient  of  the  parent  sand  samples  have 
a  decreasing  effect  on  the  cyclic  strengths  of  che  3ilty  samples,  as  long  as 
corrections  were  applied  to  compensate  for  the  membrane  compliance  effect. 

24.  Experimental  results  revealing  the  3ilt  content  effect  on  lique¬ 
faction  resistance  are  summarized  in  Figure  15.  This  figure  shows  the  effect 
of  the  added  percentage  of  silt  on  the  cyclic  shear  resistance  to  ±5  percent 
strain  in  10  and  30  cycles  of  loading.  From  this  plot,  it  appears  unclear 
what  effect  the  addition  of  10  percent  silty  fines  has  on  the  cyclic  shear 
resistance  of  a  clean  sand.  This  may  result  from  the  qualitative  nature  of 
the  membrane  penetration  effect  applied  to  the  clean  sand  samples.  With  the 
addition  of  30  percent  fines  an  increase  in  cyclic  shear  resistance  is  approx¬ 
imately  18  percent.  The  greatest  increase  in  cyclic  shear  strength  takes 
place  in  the  area  between  30  percent  and  60  percent  fines  contents.  At  silt 
contents  higher  than  60  percent  the  strength  increase  appears  to  level  off. 

25.  Qualitatively,  this  trend  seems  to  be  sensible.  At  a  very  low  silt 
content  the  soil  structure  is  dominated  by  the  sand  grains.  Even  at  10  per¬ 
cent  silt  content  the  e  is  still  considerable  sand-grain-to-sand-grain  contact, 
and  the  behavior  of  the  soil  is  still  largely  governed  by  the  sard  structure. 
The  cyclic  strength  is  thus  not  greatly  different  from  that  of  clean  sands. 
However,  with  the  introduction  of  more  than  30  percent  silty  fines,  sand 
particles  are  increasingly  surrounded  by  silt  with  far  decreased  sand-grain- 
to-sand-grain  contact  and  the  silty  fines  begin  to  increasingly  dominate  the 


strength  of  soils.  By  the  time  the  silt  content  reaches  60  percent  or  more, 
the  soil  fabric  becomes  one  of  sand  grains  embedded  In  silt  with  practically 
very  few  sand-grain-to-sand-grain  contacts,  and  the  specimen  behavior  la 
almost  totally  determined  by  the  silty  fines.  Thus,  the  strength  increases 
with  the  increase  in  silt  content  as  summarized  in  Table  5. 


Table  5 

Average  Effect  of  Silt  Content  on  Cyclic  Strength  of  Sands 


Silt  Content 
(X) 

Strength  Gain 
at  N-10  Cycles  (X) 

Strength  Gain 
at  N-30  Cycles  (X) 

0 

9.0 

5.6 

10 

_ * 

30 

17.0 

16.0 

60 

73.0 

60.0 

100 

74.0** 

58.0** 

*  Used  as  a  datum  level. 

**  Computed  using  only  soils  b2~100  and  dj-lOO. 

26.  In  summary,  the  research  on  the  silt  con  ent  effect  indicated  that 
the  cyclic  shear  resistance  increases  over  that  of  the  parent  sand  as  the  silt 
content  increases.  The  rate  of  this  strength  increase  is  greatly  reduced  as 
the  silt  content  increases  beyond  60  percent.  The  difference  in  permeabili¬ 
ties  and  fabric  of  soils  containing  various  amounts  of  fines  leads  to  vastly 
different  pore  pressure  generation  characteristics.  The  mean  grain  size  and 
the  uniformity  coefficient  of  the  parent  sands  appeared  to  have  decreasing 
effect,  as  the  number  of  cycles  increases,  on  the  cyclic  shear  resistance  of 
the  silty  samples. 

Previous  Japanese  Research  on  Gradation  and  Fine  Content  Effects 

27.  Japan  has  been  very  active  in  earthquake  hazard  mitigation 
research.  A  large  research  fund  is  budgeted  in  that  nation  for  research  in 
earthquake  engineering.  Excellent  research  accomplishments  are  evidenced  in 
various  earthquake  engineering  publications.  Japanese  research  on  the  effects 
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of  gradation  and  silt  content  on  tha  liquefaction  resistance  of  soils  is 
briefly  summarized  in  the  next  paragraph. 

28.  Some  samples  recovered  from  borings  around  Tokyo  revealed  high 
si)t  contents  of  12  to  60  percent.  (Ishihara,  et  al.  1978;  Ohsakii  1966) 
Ishihara  et  al.  tested  reconstituted  samples  of  silty  sands  ana  sandy  silts 
from  the  Tokyo  Bay  area.  Percentages  of  silt  content  were  varied  systematic¬ 
ally  and  samples  were  tested  for  their  cyclic  strength  using  cyclic  trlaxlal 
tests.  The  primary  objective  of  the  study  however,  was  to  investigate  the 
effects  of  overconsolidation  on  the  strength  of  these  soils.  The  research 
concluded  that  the  cyclic  shear  strength  Increased  with  overconsolidation  and 
the  gain  in  cyclic  shear  strength  increased  with  increasing  fines  contents. 
Ishihara,  et  al.  (1981)  also  investigated  the  cyclic  strength  of  mill  tail¬ 
ings.  Typically,  ores  are  crushed  and  ground  to  sand  and  silt  sizes  during 
mineral  recovery  processes.  Mill  tailings  are  then  transported  to  a  disposal 
site  and  deposited  in  mill  tailings  ponds.  In  tailings  ponds,  solid  materials 
are  loosely  sedimented  and  naturally  are  very  susceptible  to  earthquake- 
induced  liquefaction  like  any  other  hydraulically-filled  soils.  Tailings  also 
contain  various  percentages  of  fines.  Iwasakl,  et  al.  (1981),  Ohsaki 
(1966),  and  Tokimatsu  and  Yoshimi  (1981)  tested  silty  sands  and  sandy  silts. 
Their  objectives,  however,  were  to  improve  the  correlations  between  dynamic 
shear  strength  and  penetration  resistance  of  these  soils. 
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PART  IV:  LIQUEFACTION  OF  SOILS  DURING  THE  TANGSHAN  EARTHQUAKE  OF  1976 


Tangahan  Earthquake  and  Associated  Faulting  System 

29.  Tangahan  is  an  industrial  and  heavily  populated  city  in  northern 
China.  It  is  located  approximately  ISO  Km  of  the  capital  city,  Beijing,  as 
shovn  in  Figure  16.  In  1976,  a  strong  earthquake  of  Richter  scale  magnitude 
7.8,  subsequently  named  the  Tangahan  earthquake,  struck  the  city  at  3:42  am  on 
July  28  (Wang,  1977).  In  early  evening,  a  strong  aftershock  of  magnitude  7.1 
followed.  The  earthquake  struck  without  any  obvious  foreshocks  or  other  clear 
precursory  phenomena.  The  eplcentral  intensity  was  XI  on  the  New  Chinese  Seis¬ 
mic  Intensity  Scale.  The  city  was  nearly  destroyed  and  upwards  of  one-half 

million  people  perished.  The  meisoselsmal  area  (Richter,  1958)  with  intensity 

2 

XI  was  of  oval  shape  and  encompassed  about  47  Km  .  Within  this  meisoselsmal 

area,  the  building  destruction  was  near  100  percent.  Within  the  lsoselsmal 
2 

area  (370  Km  )  with  intensity  X,  80  percent  of  residential  housing  and  50  per¬ 
cent  of  Industrial  structures  were  destroyed.  The  area  that  experienced  the 
most  serious  destruction  has  a  thick  overburden.  Liquefaction  ground  failures 
generally  took  place  in  the  southeast  area  of  Tangahan  where  the  recent  allu¬ 
vial  fan  of  the  Ruan  river  is  located.  The  ground  shaking  intensity  in  this 
area  attenuated  to  between  VII  and  VIII.  The  intensity  contours  are  shown  in 
Figure  17. 

30.  The  Tangshan  area  has  an  intensive  faulting  system.  Major  faults 
running  through  Tangshan  area  are  the  Yuan-San,  Nin-Chun,  and  Han-San  faults 
running  in  the  northeast  to  southwest  direction;  Lu-Shia,  Luan-Luo,  and  Ji 
canal  faults  running  perpendicular  to  the  previous  ones;  and  the  Lu-Luan  fault 
Intersects  almost  all  other  faults  as  shown  in  Figure  17.  In  the  last  two 
decades,  northern  China  has  been  a  very  active  seismic  region.  Since  the  1966 
Xingtai  earthquake  (425  Km  southwest  of  Tangshan),  there  have  been  several 
events  greater  than  magnitude  6,  such  as  the  1967  Hejlan  earthquake  (225  Km 
southwest  of  Tangshan,  M-7.4),  the  1975  Haicheng  earthquake  (400  Km  east  of 
Tangshan,  M-7.3),  the  1976  Horinger  earthquake  (550  Km  west  of  Tangshan, 

M-6.3)  and  finally  the  1976  Tangshan  earthquake  with  the  magnitude  7.8. 

31.  The  Tangshan  earthquake,  besides  causing  building  destruction, 
caused  various  forms  of  ground  failures:  subsidence,  slope  failure,  and  liq¬ 
uefaction.  This  report  presents  results  of  a  preliminary  study  on  the 
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liquefaction  of  cohesive  soils  during  Tangshan  earthquake. 


Geologic  Characteristics  of  Liquefied  Zone 

32.  Liquefaction  ground  failure  resulting  from  the  Tangshan  earthquake 
was  observed  to  be  most  severe  in  the  recent  alluvial  fan  of  the  Ruan  river. 

As  shown  in  Figure  17,  a  major  fault  running  in  the  approximately  east-west 
direction  serves  as  the  boundary  of  the  Yuan-San  heave  and  the  Tangshan  sub¬ 
sidence.  To  its  north  the  ground  is  hilly  and  mountainous  and  continues  to 
uplift  while  the  ground  to  its  south,  peneplain  and  coastal  plain  areas,  con¬ 
tinues  to  subside.  Becauee  of  this  heave-subside  process,  the  Ruan  river  has 
been  moving  southeastward  and  has  changed  its  course  many  times  with  three 
major  ones  as  shown  in  Figure  18.  The  ground  slope  in  the  plain  changes  from 
1/200  in  the  front  range  to  1/8000  in  the  coastal  plain  area.  The  depth  to 
ground  water  table  also  continues  to  decrease  toward  the  coastal  plain  and 
alluvial  deposits  become  thicker.  In  some  cases,  the  ground  water  table  is 
shallower  than  one  meter. 

33.  There  are  three  major  alluvial  fans:  1,  II,  and  III  as  shown  in 
Figure  18.  Because  of  aging  and  prestraining  during  previous  earthquakes,  the 
alluvial  deposit  in  the  early  alluvial  fan  (I)  has  gained  liquefaction  resis¬ 
tance  in  the  past.  No  liquefaction  ground  failures  were  observed  there  during 
the  Tangshan  earthquake,  although  ground  excavation  revealed  the  evidence  of 
some  severe  old  liquefaction  that  resulted  from  strong  historical  earthquakes. 
Alluvial  deposits  in  the  intermediata  alluvial  fan  (II)  experienced  more 
severe  liquefaction  problems  than  those  in  the  early  fan.  The  recent  fan 
suffered  the  most  catastrophic  liquefaction  ground  failure  because  of  the 
collective  effects  of  the  following  characteristics: 

-  Young  deposit  with  very  little  or  no  aging, 

-  Young  deposit  with  less  prestraining  from  previous  earthquakes, 

-  Loose  alluvial  deposits, 

-  Shal  'W  ground  water;  and 

-  Long  round  shaking  duration 

In  the  coastal  plain  area  near  the  Bo  Hai  Bay,  because  of  the  thick  alluvial 
sand  deposits  being  overlain  by  a  thick  soft  marine  clay  deposit,  t'.e  major 
form  of  ground  failure  was  ground  subsidence.  However,  being  very  30ft  and 
sensitive,  the  thick  marine  clay  deposit  might  have  undergone  remolding.  The 
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Figure  18.  Migration  and  deposits  of  the  Ruan  River 


severe  regional  subsidence  might  thus  be  attributed  to  the  collective  effect 
of  the  liquefaction  of  the  underlying  sand  deposit  and  the  remolding  of  the 
sensitive  marine  clays. 

34.  During  the  Tangshan  earthquake,  liquefaction  ground  failures 

2 

occurred  within  a  vast  area  of  20,000  Km  ,  with  the  most  recent  alluvial 
deposit  being  the  hardest  hit.  Historically,  because  of  the  continual  south¬ 
eastward  migration  of  Ruan  river,  the  severe  liquefaction  front  also  continues 
to  move  with  it.  The  alluvial  fan  III-C  consists  of  loosely  deposited  allu¬ 
vial  soils  with  a  very  shallow  water  table.  Being  the  youngest  among  all 
alluvial  fans,  it  has  experienced  very  little  aging  and  prestraining  effects. 
The  shaking  duration  was  rather  long,  nearly  one  minute.  The  overall  condi¬ 
tion  of  the  III-C  alluvial  deposit  thus  was  very  favorable  to  liquefaction, 
and,  naturally,  it  was  subjected  to  the  most  severe  liquefaction  ground 
failure  associated  with  the  Tangshan  earthquake. 

35.  Ground  shaking  Intensity  is  not  the  sole  influence  factor  of  lique¬ 
faction.  Tangshan  was  in  a  meizoseismic  zone  with  the  ground  shaking  intens¬ 
ity  of  XI.  Very  few  liquefaction  ground  failures  were  observed  in  the  meizo¬ 
seismic  zone,  however,  even  within  the  area  with  a  shaking  intensity  of  X.  In 
fact,  the  severest  liquefaction  phenomena  were  observed  in  areas  with  the 
shaking  intensities  of  VIII  and  IX.  Even  the  area  with  intensity  VII  experi¬ 
enced  liquefaction.  The  '■evere  liquefaction  in  Zone  III-C  near  the  Luotian 
and  Luanan  areas  shown  in  Figure  19  was  evidently  the  result  of  the  collective 
effects  of  ground  shaking  intensity  and  duration,  sedimentation  characteris¬ 
tic^  of  alluvial  deposits,  topographical  and  geomorphic  conditions,  and  hydro- 
geological  conditions.  The  epicentral  distance  to  this  area  is  approximately 
60  to  80  kilometers. 

Modes  and  Distribution  of  Ground  Failures 

36.  The  Tangshan  earthquake  produced  various  forms  of  ground  failures 

including  sand  boiling,  subsidence  (or  settlement),  slope  instability,  and 

ground  fracture  (Fang,  et  al.,  1981).  These  ground  failures  covered  a  vast 
2 

area  of  20,000  Km  and  were  caused  directly  or  indirectly  by  the  liquefaction 
of.  soils.  Figure  19  shows  the  extent  and  the  distribution  of  each  mode  of 
ground  failures.  The  ground  fracture  was  caused  by  the  liquefaction-induced 
•ground  subsidence,  slope  instability,  and  hydraulic  fracturing  of  ground 
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Figure  19.  Liquefaction  distribution  map — Tangshan  earthquake  of  1976 


resulted  from  the  excess  pore  water  pressure  generated  during  seismic  ground 
shaking. 

37.  The  slope  instability  was  caused  by  the  combined  effect  of  cyclic 
shear  strength  reduction  and  the  additional  destabilizing  shear  stress 
Imparted  to  a  slope  during  seismic  shaking.  It  is  interesting  to  observe  that 
the  slope  instability  was  concentrated  in  current  and/or  abandoned  river  banks 
or  channels.  This  river  bank  instability  most  likely  resulted  from  the  lique¬ 
faction  of  river  bank  soils  or  the  soils  underlying  the  bank.  Figure  20  shows 
that  the  serious  river  bank  instability  was  observed  along  the  following 
waterways:  Ruan,  New  Ruan,  Sha,  New  Dou,  and  Dou  Rivers,  and  the  J1  Canal. 

38.  Ground  subsidence  was  found  in  the  southern  region  of  the  Tangshan 
earthquake  affected  area.  As  shown  in  Figure  20,  the  area  is  near  the  Bo  Hal 
Bay.  Large-scale  ground  subsidences  were  observed  in  the  area  with  a  thick, 
soft,  marine  clay  deposits.  The  clay  is  soft  and  sensitive  and  is  underlain 
by  a  thick  alluvial  deposit.  The  subsidence  of  this  clay  deposit  might  have 
been  effected  by  a  great  extent  by  the  liquefaction  of  its  underlying  sand 
deposit.  Another  possible  cause  for  settlement  be  the  failure  of  this  sensi¬ 
tive  clay  due  to  the  continual  remolding  during  strong  seismic  ground  shaking. 
To  the  north  of  this  regional  subsidence  is  the  area  of  local  subsidence. 

This  is  located  in  the  transitional  area  from  the  regional  subsidence  to  the 
liquefaction  area.  In  the  subsidence  area,  less  surface  evidences  of  ground 
liquefaction  were  observed.  If  the  underlying  sand  deposit  were  liquefied, 
the  surface  evidence  such  as  sand  boiling  cf  liquefaction  could  have  been  par¬ 
tially  suppressed  by  the  thick  overlying  marine  clay  deposit. 

39.  The  most  extensive  form  of  ground  failure  caused  by  the  Tangshan 
earthquake  is  liquefaction  with  surface  expression  of  sand  boiling  (sand  vol¬ 
canoes  or  sand  blows).  Even  some  cohesive  soils  were  found  to  have  liquefied. 
The  severity  of  liquefaction  increases  southeastward  and  it  is  most  serious  in 
the  recent  Ruan  river  alluvial  fan.  The  degrees  of  liquefaction  ground  fail¬ 
ures  were  divided  into  light  liquefaction,  moderate  liquefaction  and  heavy 
liquefaction.  As  shown  in  Figure  20,  liquefaction  ground  failures  were  light 
to  the  west  of  Dou  river,  most  serious  to  the  east  of  New  Ruan  river,  and  mod¬ 
erate  in  the  area  between  Sha  and  New  Ruan  rivers.  Ground  water  in  the  area 
to  the  east  of  the  New  Ruan  river  is  very  shallow.  The  alluvial  deposits  in 
this  area  are  loose  and  have  been  subjected  to  the  least  aging  and  prestrain¬ 
ing  effects  and  are,  therefore,  most  vulnerable  to  earthquake-induced 
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liquefaction  ground  failure.  The  ground  surface  evidence  of  liquefaction  is 

found  predominantly  in  the  form  of  sand  boiling.  Sands  from  liquefaction- 

induced  sand  boiling  were  deposited  around  their  surface  exits  as  sand  mounds. 
The  size  and  spacing  of  sand  mounds  were  found  to  be  dependent  on  the  inten¬ 
sity  and  duration  of  ground  shaking,  burial  depth  of  liquefiable  soils,  depth 
of  ground  water  table,  and  the  index  and  engineering  properties  of  the  soils 
involved.  The  size  and  spacing  of  mounds  increased  with  the  intensity  and 
duration  of  ground  shaking,  and  the  depth  of  the  ground  water  table.  These 
mounds  are  sparsely  distributed  in  some  areas  and  densely  distributed  in 
others.  Sand  mounds  overlapped  in  densely-distributed  areas  and  formed  var¬ 
ious  network,  whirling,  and  strip  patterns  (Fang,  et  al.,  1981),  coincident 
with  shallow  ground  water  and  burial  depth.  Examples  of  these  patterns  are 
shown  in  Figure  21.  Dimensions  of  sand  mounds  range  from  10  to  50  meters  and 

their  spaclngs  range  from  small  to  as  large  as  100  meters. 

Liquefied  Soils  in  1975  Haicheng  and  1976  Tangshan  Earthquakes 

40.  Fine-grained  soils  with  some  plasticity  are  no  longer  considered  to 
be  immune  from  earthquake-induced  liquefaction.  Among  numerous  recently 
reported  cases  of  earthquake-induced  liquefaction,  almost  none  involved  only 
clean  sand.  Most  liquefied  soils  contained  some  percentages  of  fine  particles 
(silt,  or  clay,  or  both).  Several  cohesive  soils  were  reported  to  have - lique¬ 
fied  during  the  1975  Haicheng  and  1976  Tangshan  earthquakes  (Wang,  1979;  Wang, 
et  al.,  1979;  Shi  and  Yu,  1981;  Wang,  1981;  Zhou,  1981;  Fu  and  Tatsuoka, 

1984).  Seed  and  Idriss  (1982)  revised  their  liquefaction  assessment  criteria 
as  follows  to  Include  information  made  available  by  the  Tangshan  experience: 

a.  For  soils  with  >  0.25mm,  use  the  standard  correlation 
charts. 

b.  For  silty  sands  and  silts  plotting  below  the  A-line  in  the 
plasticity  chart  and  D  <  0.15mm,  let  N  -  (N  )  measured 
+7.5  and  use  the  standard  correlation  charts  ror  sands. 

c.  If  the  water  content  of  any  clayey  soil  is  less  than  0.9  times 
the  liquid  limit,  consider  the  soil  non-liquef iable . 

Wang  (1979)  indicated  that  certain  types  of  clayey  soils  may  be  vulnerable  to 
severe  strength  loss  as  a  result  of  earthquake  shaking  and  these  soils  have 
the  following  characteristics: 


percent  finer  than  O.OOSnn  <  152 

Liquid  limit  <  35J 

Water  content  >  0.9  x  liquid  limit. 

Seed  and  Idriss  (1982)  also  indicated  that  for  soils  plotting  above  the  A-line 
on  the  Casagrande  plasticity  chart ,  laboratory  tests  should  be  conducted  to 
determine  their  liquefaction  potential  (type  of  laboratory  test  unspecified). 
Wang,  et  al.,  (1979)  attempted  to  formulate  a  functional  relationship  to 
determine  the  liquefaction  susceptibility  of  soils.  Ten  independent  factors 
were  considered  and  the  following  five  were  retained  in  the  equation:  Peak 
ground  acceleration,  depth  of  suspect  stratum,  SPT  blow  counts,  depth  of 
ground  water  table,  and  cohesive  soils  content.  Jennings  (1980)  reported, 
with  the  main  information  source  being  the  Institute  of  Engineering  Mechanics 
at  Harbin,  China,  that  the  equation  for  critical  blow  counts  given  in  the 
Chinese  seismic  Design  Code  for  Industrial  and  Domestic  Buildings  was  unable 
to  predict  the  liquefaction  of  soils  containing  fines.  The  equation  is 
intended  mainly  for  clean,  sandy  soils.  The  clayey  soils  observed  to  have 
liquefied  typically  contained  less  than  10  percent  of  clay  particles 
(d  <  0.005mm).  Shi  and  Yu  (1981)  reported  from  their  observations  of  soils 
liquefied  in  1975  Haicheng  and  1976  Tangshan  earthquakes  that  the  formula  used 
in  the  modified  Chinese  Aseisraic  Design  Code  (1979)  for  identifying  liquefi¬ 
able  sands  is  invalid  for  clayey  silts  or  clayey  sands  containing  (unspeci¬ 
fied)  small  amounts  of  clay  size  particles  (d  <  0.005mm).  When  the  clay  con¬ 
tent  was  sufficiently  large,  soils  were  not  liquefied.  Thus,  clay  content 
significantly  affects  the  liquefaction  susceptibility  of  soils.  Wang  (1979) 
reported  that  saturated  sands  and  "somewhat  cohesive"  silty  soils  are  both 
vulnerable  to  liquefaction.  Field  observation  Indicated  that  soils  liquefied 
during  1975  Haicheng  and  1976  Tangshan  earthquakes  contained  as  much  as  20Z  of 
clay  size  particles  (d  <  0.005mm)  and  80Z  of  fine  particles  (d  <  0.005mm)  as 
shown  in  Figure  22.  The  plasticity  index  of  liquefied  clayey  soils  averaged 
about  10  but  ranged  from  3  to  15  as  shown  in  Figure  23.  Figure  24  shows  the 
natural  water  content  of  liquefied  "somewhat  cohesive"  soils.  Some  coarse¬ 
grained  soils,  such  as  gravelly  sands  and  sandy  gravels,  were  also  observed  to 
liquefy. 

41.  Soils  from  the  bank  of  the  Manggou  River  with  about  25  percent 
gravel  size  particles  (d  >  2mm)  were  observed  to  have  liquefied  during  1975 
Haicheng  earthquake.  A  large  portion  of  the  submerged  portion  of  the  sandy 
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Figure  22.  Grain  size  distributions  of 
liquefied  soils  in  China  during  strong 
earthquakes  (VII-IX,  MM  intensity) 

(from  Wang  1979) 


Plasticity  index,  I 


Figure  23.  Plasticity  chart  for  liquefied 
"somewhat  cohesive"  silty  soils  in  China 
during  strong  earthquakes  (VII-IX  MM  inten¬ 
sity)  (after  Wang  1979) 


Figure  24.  Water  content  versus  liquid  limit 
of  liquefied  and  non-liquef ied  "somewhat  cohe¬ 
sive"  silty  soils  in  China  during  strong 
earthquakes  (VII-IX  MM  intensity)  (from  Wang 
1979) 
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gravel  upstream  slope  of  Balhe  Main  Dam  slid  Into  the  Mlyuan  Reservoir  during 
the  1976  Tangshan  earthquake.  The  liquefaction  susceptibility  of  sandy  gravel 
Is  governed  by  its  fines  content  when  its  coarse  portion  (d  >  2mm)  Is  less 
than  60  percent.  Fine-grained  clayey ,  or  "somewhat  cohesive"  soils  liquefied 
during  1975  and  1976  earthquakes  were  found  to  have  natural  water  contents  of 
greater  than  90  to  100  percent  of  their  liquid  limit  and  liquidity  indexes 
greater  than  0.75  to  1.0.  Fang,  at  al.  (1981,  1982,  1983)  gave  an  extensive 
discussion  on  the  liquefaction  ground  failures  that  tcuk  place  during  the  1976 
Tangshan  earthquake.  Zhou  (1981)  reported  a  study  on  the  effect  of  fines 
contents  on  the  cone  penetration  resistance,  in  which  the  critical  cone  pene¬ 
tration  resistance  (P  )  was  formulated  as  a  function  of  epicentral  dis- 

scr 

tance  (D) ,  depth  of  ground  water  (Hw) ,  thickness  of  overburden  (Hq) ,  the  mean 

depth  of  sand  layer  (H) ,  and  L  ,  a  linear  discrimination  parameter  selected 

c  Jr 

to  correspond  with  a  desired  probability  of  liquefaction  (the  study  did  not 
specify  a  value) : 

P  -  exp  (L  -0.021 5D-0 . 0 7 66H  -  0.0645H  +  0.0017H). 

scr  cr  wo 

The  cone  data  from  the  Tangshan  area  were  used  in  the  formulation.  The  lique¬ 
fied  soils  in  the  Tangshan  area  were  mainly  clean  sands.  The  equation  was 
used  successfully  in  identifying  liquefiable  soils  in  the  Haicheng  District, 
northeast  of  Tangshan.  The  equation,  however,  was  ineffective  in  performing 
the  same  task  in  the  Lutai  District,  48  Km  southwest  of  Tangshan.  This  was 
attributed  to  the  difference  in  fines  contents  of  the  soils  from  the  Lutai 
area  and  the  Tangshan  area  as  shown  in  Table  6. 

Table  6 

Fines  Contents  of  Liquefied  Soils 


Mean  Grain  Size 

Djq  (mo) 

Minus  No.  200 

Minus  0.005  mm 

Area 

Content  (X) 

Content  (Z) 

Lutai 

0.064  -  0.078 

50  -  65 

7  -  18 

Tangshan 

0.076  -  0.61 

Small 

0 

42.  Zhou  (1981)  also  pointed  out  that  Seed's  simplified  method  (1971) 
and  the  method  proposed  in  the  Modified  Aseismic  Design  Code  for  Industrial 
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and  Domestic  Buildings  (1979)  arc  basically  for  claan  sands  and  art  not  effec¬ 
tive  without  modification  in  aasesalng  the  liquefaction  resistance  of  soils 
containing  substantial  amount  of  fines  (silt  and/or  clay).  Fang,  et  al., 

(1981,  1982,  1983)  reported  in  their  studies  on  liquefaction  ground  failures 
induced  by  the  1976  Tangshan  earthquake  that  the  liquefied  silty  sand,  fine 
sand,  and  medium  sand  contained  10-30,  10-20,  and  less  than  10  percent  of 
minus  0.074  mm  particles,  as  shown  in  Figure  25.  Mean  grain  sizes  of  lique¬ 
fied  soils  from  Tangshan  and  its  vicinity  (peneplain),  the  inclined  plain,  and 
coastal  plain  are  summarised  in  Table  7.  Generally  speaking,  the  mean  grain 
size  decreases  and  the  content  of  minus  0.074mm  size  particles  increases  from 
the  peneplain  and  inclined  plain  to  the  coastal  plain.  Some  statistics  on 
soils  liquefied  during  the  Tangshan  earthquake  are  given  in  Table  8.  Relative 
densities  appeared  to  be  too  high  for  the  corrected  blow  counts  shown  in  the 
table  and  are  estimated  to  more  likely  values  in  parentheses.  The  above 
adjustment  was  made  based  on  the  penetration  resistance  versus  relative  den¬ 
sity  curves,  Figure  26,  of  Gibbs  and  Holtz  (1957).  Tha  overburden  pressure 
effect  was  taken  into  consideration. 

43.  In  summary,  the  1975  Halcheng  earthquake  and  the  1976  Tangshan 
earthquake  provided  a  wealth  of  Information  on  earthquake-induced  ground  liq¬ 
uefaction.  Data  were,  however,  scattered  in  various  Chinese  engineering  agen¬ 
cies.  Gradation  characteristics  anu  fines  contents  were  found  from  the 
available  data  to  greatly  affect  the  liquefaction  resistance  of  soils.  Chi¬ 
nese  and  Japanese  experiences  indicated  that  the  presence  of  fines,  either 
cohesive  or  noncoheslve,  does  not  in  itself  render  a  deposit  invulnerable  to 
earthquake-induced  liquefaction,  and  current  methodologies  for  assessing  liq¬ 
uefaction  potential  may  indicate,  inappropriately,  the  contrary.  A  systematic 
analysis  of  data  containing  information  on  liquefaction  of  soils  containing 
cohesive  or  cohesionless  fines  should  yield  important  and  useful  information 
on  the  liquefaction  susceptibility  of  such  soils.  However,  any  deviation  from 
U.S.  standards  in  the  conduct  of  various  foreign  laboratory  and  field  tests 
must  be  noticed,  investigated,  and  a  correlation  developed  before  any  further 
analysis  of  data  from  foreign  countries  is  performed. 
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Figure  25.  Gradations  of  liquefied  soils— Tangshan  earthquake 


Table 


Uycr  of  Medtua  0.29  2.3 

Silty  Sand 


Figure  26.  Relationship  between  standard  penetration 
resistance  and  relative  density  of  sand  (after  Gibbs 
and  Holtz  1957) 


PART  V:  FUTURE  RESEARCH  NEEDS  ON  FINES  CONTENT  EFFECTS 


44.  Urgent  needs  exist  to  develop  criteria  and  procedures  for  evaluat- 
lng  the  liquefaction  susceptibility  of  soils  containing  fines.  Field  observa¬ 
tions  from  the  United  States!  People's  Republic  of  China,  and  Japan  indicated 
that  cohesive  soils  are  not  Immune  from  earthquake-induced  liquefaction  ground 
failures.  In  fact,  Chinese  data  indicate  liquefaction  of  cohesive  soils  and 
soils  containing  substantial  amount  of  fines  (minus  0.074mm).  These  soils 
would  have  been  judged  "safe"  based  on  the  current  criteria  for  assessing  the 
liquefaction  susceptibility  of  clean  sands.  Chinese  data  also  demonstrated 
the  ineffectiveness  of  the  Modified  Aseismie  Design  Code  for  Industrial  and 
Domestic  buildings  (1979)  in  the  evaluation  of  liquefaction  susceptibility  of 
soils  containing  fines,  because  the  liquefaction  criteria  in  design  code  was 
established  based  on  the  experience  in  clean  sands. 

45.  The  inability  of  current  procedures  to  assess  the  liquefaction  sus¬ 
ceptibility  of  soils  warrants  immediate  research  into  the  liquefaction  suscep¬ 
tibility  of  soils  containing  fines,  cohesive  and/or  noncohesive. 

46.  The  above  research  can  serve  as  a  vehicle  for  developing  the  world 
data  bank  for  the  earthquake-induced  liquefaction  of  soils  containing  fines. 
Three  of  the  countries  which  are  currently  actively  conducting  research  in 
earthquake-induced  ground  liquefaction  are  the  United  States,  Japan,  and 
People's  Republic  of  China  (PRC).  Thus,  data  from  the  above  countries  and 
others,  if  applicable,  should  be  collected.  The  above  data  collection  should 
include  both  laboratory  and  field  data. 

47.  Laboratory  tests  on  undisturbed  and  artificially-prepared  soils 
should  be  conducted  to  expand  our  knowledge  in  this  particular  area.  Labora¬ 
tory  tests  on  undisturbed  samples  can  be  used  to  confirm  field  observations. 
The  characteristics  of  undisturbed  soils  are,  however,  extremely  variable  and 
a  great  number  of  tests  are  required  to  form  a  good  statistical  base  for 
assessing  the  effects  of  various  factors.  Current  sampling  techniques  ere 
still  not  quite  capable  of  securing  undisturbed  samples  and  test  results  from 
specimens  so  obtained  may  not  represent  the  response  expected  in-situ.  Labo¬ 
ratory  tests  give  researchers  the  advantage  of  being  to  exercise  control  over 
various  influencing  factors.  Factors  can  be  systematically  varied  to  obtain  a 
desired  statistical  database,  which  can  in  turn  be  used  in  formulating  proper 
criteria  and  assessment  procedures  for  liquefaction  susceptibility  of  soils. 
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48.  The  author  and  his  colleagues  at  the  University  of  Colorado  at 
Denver  have  designed,  fabricated,  and  tested  a  laboratory  test  chamber  adapt¬ 
able  to  monotonic  or  cyclic  loading  of  hollow  cylindrical  soil  specimens. 

Upon  acquisition  of  a  suitable  loading  machine,  the  author  Intends  to  develop 
a  cyclic  axial-torsional  testing  program  to  assess  the  cyclic  response  of  var¬ 
ious  soils  to  a  wide  variation  of  stress  histories.  Such  a  device  could  be 
well-employed  to  produce  laboratory  stress  excursions  in  annular  representa¬ 
tions  of  insitu  soils  that  closely  replicate  insltu  static  and  cyclic  stress 
conditions  considered  appropriate  for  earthquake  loading.  A  companion  series 
of  cyclic  trlaxial  tests  could  be  used  to  generate  a  database  for  response  of 
the  same  soils  to  this  simple  and  more  conventionally  applied  liquefaction 
resistance  test,  and  the  result  of  both  programs  would  provide  valuable  data 
toward  the  formulation  of  relationships  for  converting  results  of  cyclic  tri- 
axial  tests  on  fine-grained  soils  into  the  form  best  suited  to  earthquake- 
induced  liquefaction  susceptibility  analysis,  namely  those  results  anticipated 
for  simple  shear  loading.  Such  relationships  have  been  established  for  clean 
sands  and  similar  efforts  are  currently  under  investigation  for  well-graded 
soil  mixtures,  and  the  subject  research  would  attempt  to  fill  a  gap  in  the 
state-of-the-art . 

49.  Field  tests  are  also  recommended  in  the  future  research.  Standard 
penetration  tests  (SPT)  and  Cone  Penetration  Tests  (CPT) ,  especially  the  for¬ 
mer,  are  the  most  popular  field  strength  tests  currently  used.  The  SPT  test 
enjoys  the  advantage  of  wide  acceptance  in  the  geotechnical  and  earthquake 
engineering  professions  for  assessing  field  strength  of  soils.  It,  therefore, 
has  a  large  database.  It  can  be  easily  performed  and  also  produces  disturbed 
samples  which  may  be  used  for  index  classification.  Its  drawback,  however, 
lies  in  the  lack  of  consistent  international  practice  standard.  The  CPT  test 
is  capable  of  detecting  subsoil  conditions  to  a  greater  detail  than  the  SPT 
test.  It,  however,  can  not  recover  any  specimens  and  has  a  much  smaller  data¬ 
base  than  its  counterpart. 
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*Mr.  Nien-yin  Chang 
University  of  Colorado  at  Denver 
Department  of  Civil  Engineering 
1100  Fourteenth  Street 
Denver,  Colorado  8G202 


Dear  Mr.  Nien-yin  Chang,  September  9,  1985 

Thanks  for  your  visiting  to  this  Institute  and  the  lectures 
and  helps  given.  Through  the  mutual  understanding,  I  think 
our  cooperation  in  the  future  is  not  only  possible,  and  will 
certainly  have  a  very  good  prospect. 

As  a  preliminary  idea,  I  propose  the  following  two  items, 
please  consider  if  it  can  be  an  item  of  cooperative  research, 
and  I  suppose  you  may  make  application  for  American  National 
Science  Foundation. 

(1)  Liquefaction  study  of  sand  with  silty  and/or  clayey 
content. 


(2)  Study  of  soil  deformation  and  bearing  capacity  of  pier 
(belled  or  unbelled  )  type  deep  foundations. 

For  the  reasons  of  application  and  some  preliminary  consi¬ 
derations,  please  see  the  appendix. 

I  remember  we  have  discussed  another  mod?  possible  for  the 
cooperation  ,  i.e.  testings  may  be  performed  at  both  sides, 
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China  and  U.3.A. ,  under  a  common  programme  and  method  accep¬ 
ted »  at  a  certain  at  age,  when  teatlng  data  have  been  accu¬ 
mulated  enough,  one  or  two  of  the  scholars  may  visit  each 
other's  country  and  they  will  analyse  the  teatlng. results, 

Jo  the  computing,  analysis  and  making  of  :e  report.  In  this 
way,  my  Institute  may  make  application  to  my  country  for  the 
fund  to  pay  the  testings  performed  at  my  country. 

Welcome  your  modifications  or  other  proposals.  We  will  pay 
due  consideration  to  your  idea. 


Sincerely  yours, 

V  Tf 

Shen  changlu 

Director  of  the  Institute 
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Appendix 

Item  Proposals  and  Explanations 

Item  1.  Liquefaction  study  of  sand  with  silty  and/or  clayey 
content . 

Owing  to  the  similitude  of  seismic  geological  conditions  of 
the  China  east  coast  with  the  American  west  coast;  Owing  to 
the  fact  that  a  series  of  big  earthquakes  occurred  along  the 
NNE  structural  rone  of  China  east  coast,  at  the  cities:  Hsin- 
tai,  Haicheng,  Tangshan,  during  1966-1976,  just  after  the 
Alaska  earthquake  of  U.S.A.  and  the  Nigata  earthquake  of  Ja¬ 
pan,  reconnaissance  report  of  observed  earthquake  damages  of 
buildings  and  foundation  soils  are  available;  the  liquefied 
layers  include  sands  with  silty  and/or  clayey  contents;  the 
places  are  suitable  for  sampling,  testing  (  lab.,  and/or  in- 
situ  )  of  liquefaction  study,  that  the  results  of  analysis 
may  be  testified  by  the  observed  facts;  and  as  you  know, 
there  are  experts  in  this  Institute  in  different  disciplines 
such  as,  lab.  testing,  in-situ  testing,  computing  and  analy¬ 
sis,  geological  reconnaissance;  I  propose  this  item  and  gua¬ 
rantee  that  this  Institute  is  competent  in  doing  the  follow- 
lng  works:  collecting  available  testing  data  from  various 
sources,  official  and  private;  performing  lab.  testings  and 
in-s  istings,  computation  and  analysis. 
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Item  2.  Study  of  soil  deformation  and  bearing  capacity  un¬ 
der  pier  (  belled  and  unbelled  )  type  deep  foundations. 

Owing  to  the  similarity  of  the  geographical  position  of  China 
in  northern  hemisphere  as  that  of  U.S.A.,  there  are  compara¬ 
ble  sorts  of  foundation  soils  in  both  countries,  it  is  in  fa¬ 
vour  of  China  to  cooperate  with  U.S.A.  in  the  bearing  capaci¬ 
ty  study  of  foundation  soils. 

The  pier  type  deep  foundations  may  be  used  to  penetrate  dif¬ 
ferent  kinds  of  bad  soils  (  such  as  soft  soil,  loess  soil  etc.) 
and  have  a  cost  much  lower  than  the  ordinary  piles.  In  many 
cities  of  China,  it  has  been  proved  to  be  the  foundation  type 
most  suitable  to  medium  height  buildings.  According  to  the 
published  soil  mechanics  literature,  the  soil  deformation  and 
bearing  capacity  under  deep  foundations  require  further  study. 

There  are  experts  in  this  Institute,  competent  to  perform 
lab.  triaxial  testings,  in-situ  pressure -meter  testings,  and 
prototype  field  plate-load  tests.  We  have  accumulated  data 
of  prototype  testings  of  this  kind,  the  loads  amount  to  1200 
metru  tons  with. ears  area  of  testing  8-10  sq.m. 

We  are  willing  to  cooperate  with  U.S.A.  to  complete  this  re¬ 
search  item.  This  item  will  not  only  be  beneficial  to  China 
and  U.S.A. ,  it  is  significant  to  the  building  construction 
works  all  over  the  world. 

2 

A6 


uNivfjurrr  or  dxbiuoo  at  dihvu 

1 109  feartMafc  |*m» 

dmwa  $wma«  torn 
ponm-n* 


C*tWf«  of  Inf iuMriftf  «nd  AfpJind  Seinixt 


6  November  1985 


Mr.  Joseph  P.  Koester 
Earthquake  Engineering  and 
6eophys1cs  Olvlslon 
Geotechnical  Engineering  Laboratory 
Waterways  Experiment  Station 
U.S.  Corps  of  Engineers 
Vicksburg,  Mississippi  39180 

Dear  Mr.  Koester: 

Please  accept  my  apology  for  this  late  report  on  my  trip  to  the  People 
Republic  of  China.  Purposes  of  the  trip  are  two  fold:  to  collect 
Information  on  the  liquefaction  of  cohesive  soils  during  Tangshan 
earthquake,  and  to  negotiate  future  cooperative  research  activities.  The 
mission  was  accomplished  successfully. 

I  arrived  at  Beijing,  PRC  on  August  31,  1985.  A  brief  Itinerary  Is 
summarized  for  your  reference: 

Visiting  Period:  Activities 

August  31  to  September  3  Visited  the  Institute  of  Geotechnics, 

Hydrogeology  and  Photogrammetry,  Ministry 
of  Metallurgical  Industry  and  the  Engine¬ 
ering  Exploration  Ccnpany  of  China  Metal¬ 
lurgical  Construction  Corporation  at 
Boadlng,  China:  gave  an  eight-hour 
lecture  on  liquefaction  and  dynamic 
analysis  of  embankment  dams,  listened  to 
the  briefing  on  their  research  activities 
Including  the  liquefaction  during 
Tangshan  earthquake  and  negotiate  future 
cooperative  research  activities. 

September  4  to  6  Visited  the  Tangshan  Institute  of  Tech¬ 

nology  at  Tangshan,  China:  gave  a  four- 
hour  lecture  on  liquefaction  and  dynamic 
analysis  of  embankment  dams,  discussed 
Tangshan  earthquake  damages,  visited  the 
preserved  damaged  sites,  and  watched  the 
movie  about  Tangshan  earthquake  damages. 


Visited  the  Tslnghua  University,  The 
China  Academy  of  Building  Research,  the 
Comprehensive  Institute  of  Geotechnical 
Engineering  and  Surveying  of  the  Ministry 
of  Urban  and  Rural  Construction  and 
Environmental  Protection  In  Beijing, 
China:  gave  lectures  on  liquefaction  and 
dynamic  analysis  of  embankment  dam*, 
discussed  Tangshan  earthquake  damages  and 
listened  to  their  research  briefing. 

The  Institute  of  Geotechnics,  Hydrogeology  and  Photogrammetry  (IGHP)  has 
offered  excellent  cooperation  for  some  future  research  activities  in  the 
area  of  soil  liquefaction,  and  deep  foundation  performance  etc.  This  Is 
evidenced  In  the  enclosed  letter  from  the  Director  of  IGHP.  On  the  subject 
of  soil  liquefaction,  the  cooperation  will  Include: 

-  Collecting  available  laboratory  test  data  from  various  liquefied  sites 
In  previous  earthquakes  from  government  and  private  sources; 

•  Conducting  further  laboratory  cyclic  trlaxlal  and/or  simple  shear  tests 
on  soils  from  some  selected  liquefied  sites; 

-  Conducting  further  In  situ  testing  at  the  selected  liquefied  sites; 

-  Obtaining  undisturbed  samples  and/or  bag  samples  for  laboratory  testing 
1r  U.S.A.  and/or  In  China; 

-  Providing  research  personnel  to  conduct  research  activities  Including 
testing  and  data  analysis; 

-  Exchanging  research  scholars  during  the  period  of  cooperation,  and 

•  Providing  at  least  partial  funding  for  the  research  activities  to  be 
conducted  In  China. 

Liquefaction  In  situ  data  re  quite  massive  and  requires  a  great  deal  of  time 
for  analysis.  The  I6HP  has  offered  to  open  Its  government  files  about 
Tangshan  earthquake  liquefaction  data  for  our  use.  It  Is,  therefore, 
proposed  to  send  a  team  of  two  to  three  persons,  one  from  WES  and  two  from 
the  University  of  Colorado  to  China  In  the  coming  summer  to  conduct  the  data 
analysis.  The  team  will  be  aided  by  a  research  tern  from  IGHP.  I  will 
describe  the  next  research  phase  In  greater  detail  In  my  forthcoming 
research  proposal  to  WES. 

Enclosed,  for  your  reference,  Is  a  copy  of  the  letter  of  cooperation  from 
Dr.  Changlu  Shen,  Director  of  IGHP. 

I  combined  my  trip  to  China  with  the  trip  to  India  paid  by  the  United 
Nations  and,  once  I  entered  China,  all  expenses  were  paid  by  the  Chinese 
government.  Thus,  the  WES  research  dollars  were  not  used  to  pay  for  any 
travel  expenses.  Instead,  they  were  used  to  pay  for  my  time  and  graduate 
student  time. 
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I  anticipate  traveling  to  WES  to  report  to  you  the  research  finding  around 
December  10,  1985.  I  would  then  submit  to  you  the  project  progress  report 
and  the  proposal  for  the  next  phase  research.  I  apologize  for  the  long 
delay. 

While  at  Vicksburg,  I  will  also  report  to  Ms.  Mary  Ellen  Hynes-Grlffln  the 
partial  result  of  the  dynamic  analysis  of  the  Folsom  0am.  The  analysis 
effort  was  concentrated  on  Identifying  the  potential  problem  of  the  soil- 
concrete  Interface  separation  at  the  wrapped-around  section  during  a  strong 
motion  earthquake.  A  simple  report  Is  now  being  drafted.  I  will  present  to 
her  the  finding  from  this  analysis.  Please  kindly  Inform  her  of  my  plan. 
Thank  you . 

Sincerely, 


to 


